Background-While knee osteoarthritis has been shown to affect a multitude of kinematic, kinetic and temporo-spatial gait parameters, few investigations have examined the effect of increasing levels of radiographic osteoarthritis severity on these gait parameters. Fewer still have investigated the effect of walking speed on gait variables in persons with knee osteoarthritis. The objective of this study was to investigate the influence of walking speed on biomechanical variables associated with joint loading in persons with varying severities of medial compartment knee osteoarthritis.
Introduction
The use of three-dimensional gait analysis has allowed researchers and clinicians to better understand biomechanical alterations in the presence of lower extremity pathology. Measurement of joint kinematics and kinetics has allowed medical professionals, clinicians and biomechanists to quantitatively evaluate the functional success of innovative rehabilitation strategies (Agrawal et al., 2007 , Yakimovich et al., 2005 , Pollo et al., 2002 or surgical techniques (Mont et al., 2007) . Gait analysis has also proved itself as an important tool in determining biomechanical factors that may influence the progression of pathologies, such as knee osteoarthritis (OA) , that may be mechanically initiated (Chang et al., 2004 , Miyazaki et al., 2002 , Lynn et al., 2007 .
While the presence of OA has been shown to affect a multitude of kinematic, kinetic and temporo-spatial gait parameters (Childs et al., 2004 , Thorp et al., 2006 , Al-Zahrani and Bakheit, 2002 , Kaufman et al., 2001 , Gok et al., 2002 , Rudolph et al., 2007 , few investigations have examined the effect of increasing levels of radiographic OA severity on these gait parameters (Astephen et al., 2008b , Thorp et al., 2006 . Fewer still have investigated the effect of walking speed in persons with knee OA (Bejek et al., 2006 , Landry et al., 2007 ). An evaluation of the effect of walking speed in persons with progressive grades of OA is currently lacking in the literature.
Gait speed is an important consideration when measuring gait parameters that are based on the magnitude of ground reaction forces and segmental accelerations (Andriacchi et al., 1977 , Keller et al., 1996 , Winter, 1983 . Faster accelerations in the center of mass may result in higher ground reaction forces, and in turn, higher joint moments. In persons with and without arthritis of the hip and knee, increases in joint moments were seen when subjects were challenged to walk at faster speeds (Bejek et al., 2006 , Lelas et al., 2003 , Mockel et al., 2003 . Larger joint moments have been shown to correlate to increased joint loads, which have been implicated in the disease progression (Zhao et al., 2007 , Miyazaki et al., 2002 . A reduction in walking speed has been suggested as a possible method used by persons with medial compartment knee OA to reduce the loads at the knee (Mundermann et al., 2004 , Robon et al., 2000 . However, these studies looked only at a cross-section of self-selected walking speeds and did not analyze differences at a control speed. In a population of healthy subjects, Lelas et al. (2003) showed that kinetic variables exhibited a significant linear or quadratic increase as walking speed was increased. Because changes in joint moment are associated with joint loading (Zhao et al., 2007) , it is possible that subjects with severe OA will attempt to limit increases in these variables, or conversely, be unable to compensate for a change in speed and reveal a disproportionate increase in joint moments with increased walking speed.
Analysis at both a self-selected and control (1.0 m/s) walking speed will reveal which variables are associated with altered mechanics related to disease progression versus differences that exist as a result of decreased walking velocity. In addition, having the subjects walk at their fastest tolerable speed will establish how persons with varying degrees of knee OA compensate for challenges to the neuromuscular system. The purpose of this study is to investigate the influence of walking speed on biomechanical variables associated with joint loading in a population of persons with varying severities of medial compartment knee OA. We are hypothesizing that subjects with different severities of knee OA will demonstrate different walking patterns at freely chosen walking speeds. We also hypothesize that these differences will not exist when subjects walk at a constrained speed or when speed is accounted for in the statistical analysis.
Methods

Subjects
Subjects were recruited from a local orthopedic office, a local senior center, as well as through fliers placed throughout the community. Individuals were considered for inclusion in the OA group if they met the inclusion/exclusion criteria in Table 1 . Subjects for the control group met all the same criteria, except radiographic evidence of OA, and all had no knee pain with daily activities. All subjects had a posterior to anterior, flexed knee radiograph read by a radiologist to confirm and classify the presence of OA based on the Kellgren-Lawrence (KL) severity levels (Kellgren and Lawrence, 1957) . Subjects were grouped into three categories: asymptomatic controls (KL grade 0), moderate OA (KL grade 2 or 3), and severe OA (KL grade 4). Height, weight, body mass index (BMI) and Knee Outcome and Osteoarthritis Scores (KOOS) (Roos and Lohmander, 2003) were acquired from all of the subjects. An increase in KOOS score represents an increase in self-reported functional ability and quality of life. Each subject was made aware of the risks and benefits of the study and given the opportunity to withdraw from the study, without penalty, at any time. All subjects signed an informed consent form approved by the Human Subjects Review Board prior to participation in any portion of the study. Demographic data for the subject groups is presented in Table 2 .
Data Acquisition
Gait analysis consisted of 3 separate walking trials on a split-belt treadmill (Bertec Corp, Columbus, OH, USA). This treadmill is capable of capturing three-dimensional forces, free moment and center of pressure (COP) data, which were collected at 1080 Hz. Individual belt velocity was controlled by the investigator at a computer terminal. As a safety precaution, subjects wore an overhead harness. Two emergency stop buttons, one located on the handrail and the other at located at the computer terminal, were utilized in the event an immediate stop was required. For determination of three-dimensional kinematics and kinetics, a Helen Hayes retro-reflective marker set was used. Walking data was obtained using a 6 camera infrared Motion Analysis system (Santa Rosa, CA, USA) and was collected at 60 Hz.
Subjects walked at 3 different speeds: 1.0 m/s (control speed), self-selected (determined by a 10m timed walk in the hallway), and fastest tolerable walking speed. Fastest speed was determined as the fastest speed at which the subject felt comfortable walking without the use of handrails while also maintaining a period of double limb support. Subjects were allowed to use the handrails during speed transitions, but walked without support during the collected trials. Subjects were given approximately 4 minutes to familiarize themselves with the experience of walking on a split-belt treadmill (Zeni Jr and Higginson, 2006) . At each of the speeds, at least one 30 second trial was obtained. Data collection was performed using EvaRT 5.0.4 (Motion Analysis Corp., Santa Rosa, CA, USA).
Data Reduction
Coordinate marker data was filtered using a 4 th order phase-corrected Butterworth filter with a cutoff frequency of 6 Hz. Calculation of joint angles, moments and forces were performed using OrthoTrak 6.3.5. Joint forces and joint moments were normalized to body mass. These data were divided into individual gait cycles from heel strike to ipsilateral heel strike. An ensemble averaged trial normalized to 101 points for each variable was created using custom written programs in LabView 8.2 (National Instruments, Austin, TX, USA). The averaged trial was calculated from a single 30 second walking trial at each of the speeds. While differences in cadence affected the actual number of strides used in the ensamble average, it averaged 26 consecutive gait cycles. Comparisons between individuals and groups were made based on the time normalized averaged trials. Peak sagittal plane hip, knee and ankle moments and peak frontal plane knee moments were compared. Peak vertical and anterior/posterior ground reaction forces (GRF), peak longitudinal knee joint reaction force (JRF), vertical loading rate and sagittal plane knee joint excursion during loading response were also included in the analysis. These variables were chosen based on their potential implications in joint loading or as compensatory strategies employed by persons with knee OA. Vertical loading rate was computed as the average slope of vertical GRF during loading response. It was computed over the first 10% of the gait cycle (Mundermann et al., 2005) . Knee joint excursion was the range of sagittal plane knee flexion that occurred from heel strike to peak knee flexion during stance. These variables were determined at all three walking speeds, and the differences in these variables during fast and self-selected walking speeds were also examined.
Statistical Analysis
Differences between groups were evaluated using individual multivariate ANOVAs for each speed with post-hoc testing as needed. Internal Bonferroni adjustments in the level of significance were made to allow for the multiple comparisons and P values ≤0.05 represent significant differences. In the interest of further discerning differences that exist as a function of disease progression versus alterations in walking speed, the gait variables at the self-selected and fast speed were also analyzed between groups using individual MANCOVAs with the addition of the respective speed as a covariate. To assess the effect of speed on gait variables, repeated measures MANOVAs were used and evaluated for differences in main and interaction effect. A follow-up two-model hierarchal regression was used to support and validate the results from the ANOVA. The first model in the regression contained the walking speed and the second contained walking speed and OA grade. This does not provide us with the ability to determine differences between groups, but it does permit us to determine the relationship of OA grade to the gait variables, after accounting for the effect of walking speed. Significant changes in the F-score would suggest that OA grade is related to the gait parameter when accounting for walking speed. All statistical tests were performed using SPSS v.15 (Chicago, IL, USA).
Results
Walking Speed
There were significant differences in self-selected walking speed between the severe OA group, (1.03 SD 0.26 m/s; range 0.6-1.4), and the control group (1.22 SD 0.14 m/s; range 0.8-1.4) (p=0.008). The moderate group had a mean self-selected walking speed of 1.13 (SD 0.12; range 0.9-1.4) m/s, but was not statistically significantly different from either the severe or control group. At the fast speed, significant differences were found between all of the groups (p<0.004), although there were not significant differences in the percentage increase between groups (p>0.23). Mean fast walking speed was 1.75 (SD 0.23; range 1.2-2.2), 1.50 (SD 0.21; range 1.1-2.1), 1.37 (SD 0.28; range 0.8-1.8) m/s for the control, moderate OA and severe OA groups, respectively.
Between Group Differences
Significant differences in gait variables were found between groups for each of the walking speeds, although the variables that showed significant differences between groups were not the same at each speed. At 1.0 m/s, none of the gait variables were significantly different with the exception of loading rate (p=0.009) (Figure 1 ; Table 3 ). The moderate group showed a significantly lower vertical loading rate compared to the control or severe OA group (Table  3) . When subjects walked at their self-selected speed, the number of significantly different gait variables increased. Peak knee flexion moment, peak ankle dorsiflexion moment, peak longitudinal knee JRF, peak vertical GRF, braking and pushoff GRF, loading rate and knee excursion all showed significant differences ( Figure 2 ; Table 3 ). At the fast walking speed, differences were found between groups for all of the variables, except knee adduction moment, which showed no differences at any of the speeds (Figure 3 ; Table 3 ). For all of these variables, the severe OA group had the lowest values and the control group had the highest values.
Between Group Differences -Accounting for Speed
MANCOVA comparisons between groups using speed as a covariate revealed that the only variable that was still significant at both the self-selected and fast walking speed was knee excursion (Figure 4) . The difference was significant between the severe and the control group (p<0.024). No other variables showed significant differences at the fast speed, however differences still existed at the self-selected speed. Longitudinal knee JRF and peak vertical GRF showed significant differences for both OA groups versus the control group and vertical loading rate and knee excursion showed differences between the severe and control group (Table 3) .
Between Speed Differences
Significant differences in gait variables were found between self-selected and fast walking speed (p<0.001) and the self-selected walking speed and 1.0 m/s (p<0.001). There was a significant speed*group interaction effect for the self-selected and fast speed comparison (p=0.036) and the self-selected and 1.0 m/s walking speed (p<0.001). Bonferroni corrected pair-wise comparisons between speeds for each group revealed that nearly all variables for all groups had significant increases between self-selected and fast walking speed. The only variable that did not have significant differences between speeds was the peak adduction moment for the severe OA group (p=0.51). Between the self-selected and 1.0 m/s walking speeds, all of the variables except adduction moment showed a significant reduction in the control (p<0.005) and moderate OA (p<0.040) groups. Contrarily, the severe group only showed a significant difference in the adduction moment between the self-selected and 1.0 m/ s speeds (p=0.031). There was a reduction from 0.467 SD 0.17 Nm/kg at the self-selected speed to 0.439 SD 0.15 Nm/kg at 1.0 m/s. All other variables in this group showed no significant differences between self-selected and 1.0 m/s speeds.
Relational comparisons
Using the hierarchal regression, all of the variables were significantly related to self-selected walking speed (p≤0.045). The addition of the OA grade to the model did not significantly increase the R 2 values for sagittal plane hip or knee moment, braking GRF or loading rate. When accounting for walking speed, the addition of OA grade did significantly increase the R 2 value for sagittal plane ankle moment, knee adduction moment, vertical GRF, longitudinal knee JRF and push-off GRF. At the fast walking speed, all variables with the exception of braking GRF were also significantly related to walking speed (p<0.025; braking GRF p=0.10). The addition of OA grade to the model significantly increased the R 2 value of only knee joint excursion (p=0.042; Adjusted R 2 0.342). The addition of OA grade to the model approached significance levels for the adduction moment (p=0.06) and the push-off GRF (p=0.057).
Discussion
Subjects with varying degrees of knee OA demonstrate speed-dependent differences in a subset of gait parameters. At the controlled walking speed of 1.0 m/s, no differences were found for any of the variables, except loading rate, which was highest in the severe group. When speed was not controlled and subjects walked at freely chosen self-selected and fast speeds, differences were found in the majority of gait parameters studied. This is suggestive that speed is a factor responsible for differences between groups. This was further evidenced by the reduced differences between groups when speed was introduced as a covariate in the MANCOVA. These changes strongly suggest that modification of walking speed is responsible for the majority of differences noted between groups in this study.
Our results are similar to previous work that concluded that alterations in gait parameters associated with hip osteoarthritis may also arise mainly as a result of differences in freely chosen walking speeds (Mockel et al., 2003) . This is an important consideration when making comparisons between groups with varying degrees of OA severity. Previous investigations which have found differences in similar gait parameters in an OA population have had subjects walk at freely chosen speeds (Ouellet and Moffet, 2002 , Kaufman et al., 2001 , Al-Zahrani and Bakheit, 2002 , Maly et al., 2008 , Landry et al., 2007 , Astephen et al., 2008b , Astephen et al., 2008a . While these investigations provide important information on differences that exist in persons with knee OA, it may not be appropriate to suggest that changes in gait parameters arise as a result of mechanical changes that occur with the progression of knee osteoarthritis.
When different methodology is used, the effect of walking speed on gait parameters may make comparisons between studies difficult. The repeated measures MANOVA used to compare differences in gait variables between walking speeds showed significant differences between the 1.0 m/s and self-selected speed as well as between the self-selected and fast walking speed. While differences between self-selected and fast speed were expected (faster speeds result in higher joint moments and ground reaction forces for all groups), the differences between 1.0 m/s and self-selected speed are an important fact to consider when making comparison between studies. While the control group showed significant differences between 1.0 m/s and selfselected speeds for all variables, the severe group did not show any differences between the two speeds. This is likely due to the fact that the mean self-selected walking speed for the control group was 0.22 m/s faster than the control speed of 1.0 m/s, while the difference between the two speeds for the severe group was only 0.03 m/s. This is an important fact to consider when designing experimental methodologies or interpreting results from studies in which speed is controlled. It lends further support to the importance of including speed as a covariate in data analysis.
The validity of including speed as a covariate when exploring gait differences between persons of varying OA severity been questioned by previous authors (Astephen et al., 2008a) . Particularly, they cite that using an ANCOVA in which the covariate (speed) is included in the model is inappropriate because it is affected by the main factor (OA severity) and is also inappropriate in cases in which large differences exist between the mean and range values of the covariate (speed). In our cohort of subjects, while differences did exist in freely chosen walking speed, the means were not vastly different and the total and interquartile range overlapped for all groups. Additionally, it was used as a supplementary analysis which supported the findings in the controlled walking speed trials. These results are complemented by the results from the regression analysis, although colinearity of speed and OA severity may be argued as a weakness of this technique as well.
While many previous investigations have found differences in adduction moment between OA and healthy subjects, the results from the ANOVA did not show significant differences between groups at any of the speeds. It should be noted, however, that for all of the conditions, the moderate and severe OA groups both had higher adduction moments, even though the difference was not significant. Also of note was the significant interaction effect between selfselected and fast walking speed. While the control and moderate OA groups showed significant increases in all the variables (including the adduction moment), no significant differences were seen in the severe group for the adduction moment between the self-selected and fast speeds. The severe group actually showed a decrease in the adduction moment as speed was increased (Figures 2 and 3) . Since the adduction moment had been correlated with medial compartment joint loading (Zhao et al., 2007) , tibial bone mineral content (Hurwitz et al., 1998) , knee pain (Shrader et al., 2004) , and disease progression (Miyazaki et al., 2002) , the fact that persons with severe knee OA reduce the adduction moment when challenged to walk at faster speeds may be evidence of a compensatory mechanism to reduce the negative effects of medial joint loading. Increasing trunk sway, altering toe-out angle and changing frontal plane knee angles have been suggested as compensatory methods to reduce the knee adduction moment in persons with and without knee OA (Mundermann et al., 2008 , Guo et al., 2007 , Hunt et al., 2008 . Further investigations into the mechanisms responsible for the reduction, or lack of increase, in the adduction moment during fast walking may be warranted. While no differences in the adduction moment were seen between groups when using the ANOVA, we did see an important finding with the hierarchal regression. It showed that the severity of knee OA is related to the magnitude of the adduction moment, even when accounting for differences in freely chosen walking speed. These results support the findings of previous authors who have found an increase in the adduction moment in persons with OA when statistically controlling walking speed (Sharma et al., 1998 , Baliunas et al., 2002 .
Of particular interest in this study are the gait parameters that show significant differences between the control and OA group irrespective of walking speed. At 1.0 m/s and the selfselected walking speeds, when speed was included as a covariate, the severe group showed an increase in vertical loading rate when compared to the moderate OA group. Intuitively, this can be thought of as a variable that would be associated with increased rate of joint loading. At the self-selected speed, however, the subjects in both OA groups showed significant reductions in variables often associated with the magnitude of joint loading: longitudinal joint reaction force and peak vertical ground reaction force, when compared to the control group. It seems paradoxical that subjects with severe OA would have a higher rate of loading while potentially compensating to reduce the magnitude of the load. However, it is possible that the increased rate of loading may result from factors for which subjects with severe OA are not able to compensate for simply by decreasing walking speed. This supports previous findings that demonstrate an increase in the rate of joint loading (i.e. adduction moment) in persons with knee OA (Mundermann et al., 2005) .
At the self-selected and fast walking speeds, subjects with more severe OA showed a reduction in knee excursion, even when accounting for differences in walking speed. During loading response, the rate of vertical loading may be affected by the vertical displacement of the center of mass. A reduction in the movement of the center of mass in the vertical direction has been proposed to result in higher "vertical stiffness" during walking (Butler et al., 2003) . It is possible that a reduction in knee excursion during walking would result in smaller vertical displacement of the center of mass, and in turn a higher vertical stiffness. This higher vertical stiffness may be the underlying cause of increases in the rate of joint loading seen in subjects with severe knee OA. While further research is warranted to determine definitive reasons, intrinsic factors such as alterations in joint stability, changes in frictional values of the diseased knee joint or altered neuromuscular control strategies may reduce knee joint excursion, increase vertical stiffness of the body and, in turn, result in higher rates of vertical loading. This alteration may bode poorly for the integrity of cartilage in these subjects' knees as higher joint loads have been shown to relate to disease initiation and progression (Griffin and Guilak, 2005) . Decreased knee joint excursion in persons with knee OA has previously been established (Ramsey et al., 2007 , Gok et al., 2002 , Al-Zahrani and Bakheit, 2002 , Weidow et al., 2006 , Brinkmann and Perry, 1985 . This alteration may be the defining kinematic characteristic of persons with knee OA, as differences between groups were found with the use of speed as a covariate. Additionally, knee excursion was related to OA grade, even when accounting for walking speed.
We have determined that altered gait parameters are found in persons with increasing severity of knee OA. The differences seen in this study were mainly a speed-dependent strategy. This supports previous work that has suggested alterations in gait variables may arise partially as a result of altered walking speed (Mundermann et al., 2004 , Mockel et al., 2003 . Although the majority of gait alterations may be the result of modified walking speeds, differences in certain gait variables persisted despite accounting for gait speed. These alterations may be the result of beneficial compensatory strategies employed by persons with knee OA (reduced vertical GRF and reduced longitudinal knee joint reaction force), or the end result of altered control strategies (increased rate of vertical load and decreased knee joint excursion) which may result in inefficient or detrimental gait patterns.
While this study provides pertinent information about kinematic and kinetic alterations between persons with varying degrees of OA, we are not able to ascertain whether some variables are related to the cause or the effect of the disease process. Future studies should incorporate a longitudinal design that would allow researchers to discern which variables contribute to disease progression and which are a result of advanced disease. This will lead to potential interventions that may decrease the rate of knee joint degeneration in certain individuals. When speed was controlled and subjects walked at 1.0 m/s, there were no differences in sagittal plane hip, knee or ankle joint moments. No differences were seen for the knee adduction moment. At self-selected walking speed subjects with moderate and severe OA showed a significant reduction in knee flexion moment (*) and subjects with severe OA showed a significant reduction in the ankle dorsiflexion moment (*). These differences were not significant when walking speed was included in the analysis. Although persons with OA had higher mean adduction moments, the difference was not significantly greater than the control group. At the fast walking speed, subjects with severe knee OA showed a significant reduction in sagittal plane hip, knee and ankle moments. These differences were not significant when speed was included as a covariate in the analysis. Knee joint excursion was significantly reduced in persons with knee OA at the self-selected and fast walking conditions (*). This difference was still significant for the severe group when speed was statistically controlled. Demographic data for all subjects. Subjects with OA had significantly higher mean body mass, BMI and lower mean KOOS score when compared to the control group (*)(P≤0.05). Table 3 When compared to the control group, persons with knee OA demonstrate altered gait parameters (*). At the self-selected walking speed, differences in knee JRF, peak vertical GRF and loading rate remain significantly different when speed is accounted for in the analysis (β). When compared to the moderate group, persons with severe OA show significantly higher rate of joint loading ( a ). Clin Biomech (Bristol, Avon) . Author manuscript; available in PMC 2010 May 1.
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